We determined the contributions of IGF-I, IGFBP-3 and leptin to growth in -extremely premature infants over the first two years. Weight (Wt), crown-to heel length (CHL), plasma IGF-I, IGFBP-3 and leptin were measured in infants (gestation 24 -33 wk) at birth (n ϭ 54), expected date of delivery (EDD) and 6, 12 and 24 mo post-EDD (n ϭ 29). Area under the curve (AUC) for hormone levels was calculated over 4 periods: birth-EDD, EDD-200 d, EDD-350 d and EDD-700 d. IGFBP-3, but not IGF-I or leptin, on day 1 correlated with birth Wt SD scores (SDS) (r ϭ 0.46, p ϭ 0.002) and CHL SDS (r ϭ 0.41, p ϭ 0.01). Wt SDS at EDD correlated with AUC IGF-I, IGFBP-3 and leptin (birth-EDD), but leptin was the best predictor in multiple regression(r ϭ 0.65, p Ͻ 0.0001). Wt at EDD ϩ 700 d correlated with AUC leptin (EDD-700 d) (r ϭ 0.62, p ϭ 0.002). CHL SDS at EDD correlated with AUC IGFBP-3 and leptin (birth-EDD), but IGFBP-3 was the best predictor (r ϭ 0.55, p Ͻ 0.0001). CHL at EDD ϩ 700 d correlated with AUC IGF-I and IGFBP-3 (EDD-700 d), but IGFBP-3 was the best predictor (r ϭ 0.47, p ϭ 0.01). Wt and CHL at birth were associated with IGFBP-3 levels in these infants. Wt at EDD and EDD ϩ 700 d was predicted by concurrent leptin output while linear growth at EDD and EDD ϩ P reterm birth interrupts the physiologic fetal phase of growth when growth velocity is highest. Infants born at gestational age (GA) Ͻ32 wk have a different pattern of postnatal growth than those born moderately premature (GA Ն32 wk) or at term (1,2) and often exhibit growth failure, particularly over the first months of life. Signs of catch-up growth in weight and length can be observed by expected date of delivery (EDD) in infants born at GA 29 -31 wk but are not seen until after one year corrected age for more premature infants Ͻ29 wk gestation (2). Growth restriction, especially if associated with later catch-up, is of particular concern in such infants owing to the association with cardiovascular disease in adulthood (3). Life-long programming of the insulin like growth factor-I (IGF-I) system by intrauterine and postnatal hormonal and nutritional environment has been suggested to be a key mediator of this association (4,5).
P reterm birth interrupts the physiologic fetal phase of growth when growth velocity is highest. Infants born at gestational age (GA) Ͻ32 wk have a different pattern of postnatal growth than those born moderately premature (GA Ն32 wk) or at term (1, 2) and often exhibit growth failure, particularly over the first months of life. Signs of catch-up growth in weight and length can be observed by expected date of delivery (EDD) in infants born at GA 29 -31 wk but are not seen until after one year corrected age for more premature infants Ͻ29 wk gestation (2) . Growth restriction, especially if associated with later catch-up, is of particular concern in such infants owing to the association with cardiovascular disease in adulthood (3) . Life-long programming of the insulin like growth factor-I (IGF-I) system by intrauterine and postnatal hormonal and nutritional environment has been suggested to be a key mediator of this association (4, 5) .
Nutrition is a key regulator of pre-and early postnatal somatic growth. Other factors thought to be important include IGF-I, its principal binding protein insulin like growth factor binding protein-3 (IGFBP-3) and leptin. Leger et al. (6) examined growth hormone (GH), IGF-I and IGFBP-3 levels in relation to growth over the 1 st 24 mo in 254 growth retarded children (birth weight Ͻ3 rd percentile; 81 born at GA 29 -37 wk) and 84 appropriate-for-GA (AGA) controls (40 born at GA 29 -37 wk). The growth retarded infants had high GH but low IGF-I and IGFBP-3 levels at birth. However, these biologic parameters were not predictive of later growth or of short stature at 2 y of age, and levels over 24 mo did not correlate with weight or length gain. A number of studies have characterized longitudinal growth in very preterm children (7) (8) (9) and examined the influence of endocrine factors up to 120 d of age (10 -12) . However, none have studied the influence of the IGF-I system and leptin on the pattern of growth beyond the early postnatal period. We therefore undertook this study to determine the contributions of plasma IGF-I, IGFBP-3 and leptin on growth in extremely premature infants over the first two years of life.
METHODS

Study population.
A longitudinal study with follow-up from birth (26 female, 28 male) until 24 mo post-EDD (29 infants) was undertaken in infants born September 1998 to May 1999 at GA 24 -33 wk at two hospitals in Sheffield (Jessop Hospital for Women and Northern General Hospital). Infants were recruited prospectively within 24 h of birth (median birth weight and length 1260 g and 39.7 cm, respectively). Infants with severe intrauterine growth retardation (birth weight less than 3 SD scores (SDS)), congenital malformations, metabolic conditions, hydrops fetalis or maternal diabetes were excluded because these conditions could have altered growth rates and hormone levels. Infants transferred to a hospital in another region within 24 h of birth (4 infants) and those who did not survive the neonatal period (10 infants) were also excluded. GA was determined from date of mother's last menstrual period if estimates from maternal dates and fetal ultrasound scans performed at 12 postconceptual weeks agreed to within 14 d, and from fetal ultrasound if the difference was greater. Obstetric problems included prolonged rupture of membranes in 13, pre-eclampsia in 6, antepartum hemorrhage in 6 and fetal distress in 10 cases. Forty infants received antenatal glucocorticoids and 24 were delivered by Caesarean section. Median Apgar scores were 8 at 1 min and 9 at 5 min. Thirty-three infants received mechanical ventilation (median duration 10 h), 6 had chronic lung disease and 3 received postnatal glucocorticoids (total median dexamethasone dose 5.5 mg and duration 16 d). Postnatal complications included sepsis in 20, necrotising enterocolitis in 5 and intraventricular hemorrhage in 14 infants. The number of infants from whom follow-up data were obtained fell owing to parents declining further participation and unsuccessful venepuncture.
Ethical approval. Ethical approval was granted by the North and South Sheffield Ethics Committees. Written informed consent was obtained from parents.
Growth measurements. Weight (Wt), crown-to-heel length (CHL), kneeto-heel (lower leg) length (LLL) and head circumference (HC) were measured at birth, EDD and approximately 6, 12 and 24 mo post-EDD. Measurements were made by a single observer (EC) who had been trained by a skilled auxologist. Wt was measured using electronic scales after the nappy and all clothing were removed. CHL measurements were made using the Pedobaby® plastic ruler for infants in incubators and a Raven rollameter® for those in a cot. For the Pedobaby® the intraobserver coefficient of variation (CV) of means was 2.9% at a mean length of 42.3 cm. For the Raven rollameter® it was 2.4% at a mean length of 44.8 cm. LLL was measured with a neonatal knemometer using the technique described by Gibson and colleagues (13) . Both legs were measured and the mean of the two was recorded as the LLL. Intra-observer CV was 1.5% at a mean measurement of 114.8 mm. HC was measured with a reusable Lasso® tape. The intraobserver CV was 1.1% at a mean measurement of 33.4 cm.
Blood samples and hormone assays. Blood samples for IGF-I, IGFBP-3 and leptin were collected in lithium-heparin tubes at birth from the umbilical cord, within 24 h of birth, at the estimated EDD and close to 6, 12 and 24 mo post-EDD. After centrifugation, plasma samples were stored at -20°C until assayed. All samples from an individual were analysed in the same assay with appropriate sample dilution to fall within the detection range of each assay. Plasma IGF-I was measured using a previously reported in-house RIA (14) . The detection range of the assay was 0.8 -25 g/L. The intra-assay CV was 4.0 -5.7% and the inter-assay CV was 5.3-6.9%. The mean CV for all unknown samples analyzed was 4.5%. Plasma IGFBP-3 (IDS Ltd., UK) and leptin (Diagnostic Systems Ltd, Texas) were measured using commercially available RIA and ELISA kits. The detection range of the IGFBP-3 assay was 1-60 mg/L. The intra-assay CV was 2.6 -6.0% while the inter-assay CV was 6.9% at 1.4 mg/L, 6.1% at 3.9 mg/L and 4.9% at 6.8 mg/L. The mean CV for plasma samples was 10.5%. The detection range of the leptin assay was 0.5-50 g/L. The intra-assay CV was 1.5-6.2% while the inter-assay CV was 4.9% at 4.7 g/L, 5.3% at 11.1 g/L, 3.3% at 15.5 g/L and 4.2% at 37.9 g/L. The mean CV for plasma samples analysed was 7.7%.
Data analysis. To remove variability in the time period between birth, EDD and age after birth and to standardize against time, 5 time points were chosen: birth, EDD, and 200, 350 and 700 d post-EDD (the latter 3 corresponding approximately to 6, 12 and 24 mo post-EDD). For each infant, growth data at 200, 350 and 700 d post-EDD was determined from the measurements obtained either side of these time points using regression analysis. Values for Wt, CHL and HC were expressed as SDS using the standards from Keen and Pearse (15) and Freeman et al. (16) . For LLL the data from Gibson et al. (13) were used. To better represent the exposure to hormones over a prolonged period we calculated the area under the curve (AUC) between the 5 time points using the trapezium rule. Calculating the AUC per day allowed us to compare the overall levels of hormones over variable time periods. Thus AUC per day represented daily hormone output over 4 periods: birth to EDD, EDD to 200 d, EDD to 350 d and EDD to 700 d. Variables at different time points and periods were compared using paired t-test (growth SDS) and Wilcoxon signed rank test (hormone levels and output). Spearman's correlation, univariate and multiple linear regression were used to examine the relationships between growth parameters and hormone AUC/d. Statistical significance was defined as p Յ 0.01.
RESULTS
Growth at birth and during the first 24 months. Anthropometric data at birth of the infants subdivided according to GA are shown in Fig. 1 . Of the 54 infants, the number of infants with Wt, CHL and HC below -2 SDS were 5, 1 and 7 respectively. Subsequent measurements showed significant decline between birth and EDD in mean Wt (-0.5 to -1.1 SDS), CHL (-0.3 to -1.3 SDS) ( Hormone levels at birth and during the first 24 months. Compared with cord concentrations, leptin levels on day 1 were lower (p Ͻ 0.0001; Table 1 ). Cord hormone concentrations did not correlate significantly with GA. However, plasma IGF-I (r ϭ 0.37, p ϭ 0.01) but not IGFBP-3 (r ϭ 0.30, p ϭ 0.05) and leptin (r ϭ 0.13, p ϭ 0.7) on day 1 correlated significantly with GA. IGF-I from cord blood and at EDD correlated with corresponding IGFBP-3 levels (cord r ϭ 0.46, p ϭ 0.002; EDD r ϭ 0.44, p ϭ 0.001) but not with leptin. No significant correlations were observed between the hormone concentrations on day 1. Between day 1 and EDD, IGFBP-3 (p Ͻ 0.0001) and leptin levels (p ϭ 0.02) increased but IGF-I did not change significantly (p ϭ 0.3; Table 1 ).
AUC/d (daily output) increased for all 3 hormones between the periods before and 200 d after EDD ( Fig. 3; (Fig. 4) . The correlation between IGF-I output and IGFBP-3 output was significant in the period from birth to EDD (p ϭ 0.01), with an increasing tendency to be related thereafter (p ϭ 0.1-0.02).
Relationships between growth parameters and hormone levels at birth. 
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Relationships between growth parameters and daily hormone output over the first 24 months. The biochemical parameters which correlated significantly in univariate analysis with growth measurements at different time points are shown in Table 2 . Wt SDS at EDD, at EDD ϩ 200 d and at EDD ϩ 700 d was best predicted by leptin output over the corresponding periods. CHL SDS at EDD and EDD ϩ 200 d was best predicted by IGFBP-3 output from birth to EDD, while at EDD ϩ 700 d it was IGFBP-3 output over the corresponding period. HC SDS at EDD and at EDD ϩ 200 d was best predicted by leptin output from birth to EDD, while at EDD ϩ 700 d it was leptin output over the corresponding period (Table 2) .
DISCUSSION
Growth during the first two years. In this study of extremely premature infants, poor growth in the immediate postnatal period was followed by catch-up in weight to -0.5 SDS by 6 mo and in length to -0.2 SDS by 2 y. Others have noted a deficit in weight compared with height even at 3 y corrected age in AGA preterm infants born at Յ30 wk GA (mean -0.34 versus 0.36 SDS) (17) . The delayed catch-up in length could be considered an adaptive response to first restore fat mass and energy stores and to defer linear growth until a critical weight has been attained. We found lack of catch-up in HC throughout the 2 y study period and other observations at age 5 y indicate the lag in postnatal growth of the brain is prolonged (7) . The implication of subnormal head size is neurodevelopmental deficit (18 -20) , and severe impairment has been reported in 38% of small-for-GA and 16% of AGA children born at GA Ͻ28 wk (7) .
Hormone levels in the early postnatal period. Although we did not have a control group of infants born at term, earlier studies have reported that IGF-I, IGFBP-3 and leptin levels at birth are lower in preterm infants compared with term infants and increase with GA (21-23). IGF-I sensitivity in utero is likely to vary according to insults which adversely influence growth and preterm birth (24) , and may partly explain the wide individual variations in IGF-I levels we found from cord and day 1 samples and which others have observed in the fetus and in early life (6, 25, 26) . The low leptin levels at birth in our extremely preterm infants and in other studies (27) (28) (29) were anticipated since it is synthesized and secreted exclusively by 101 white adipose tissue, fat mass accumulates during the third trimester and levels in newborn infants correspond closely with fat stores (30, 31) . Ng (29) suggested the low leptin levels in extremely preterm infants may be a physiologic advantage as body energy utilization can be minimized and nutritional reserves conserved for subsequent growth and development.
Table 1. IGF-I, IGFBP-3 and leptin levels from cord blood, at birth (day 1) and at expected date of delivery (EDD)
While weight declined and linear growth was poor between birth and EDD, we observed an increase in leptin and IG-FBP-3 levels but not in IGF-I. Findings from other studies vary, possibly due to demographic differences in populations, and time and frequency of blood sampling. While some reported an increase in leptin levels in the first few weeks in infants born Ͻ34 wk gestation and an inverse exponential relationship with postnatal weight gain by day 28 (32, 33) , others found leptin levels decreased and remained relatively low until critical adipose stores were reached and body mass index increased above 9 kg/m 2 (11, 12, 29) . Studies which used frequent blood sampling noted a decline in IGF-I and IG-FBP-3 levels during the first week followed by a gradual rise concurrent with changes in clinical condition, nutrition and growth velocity in preterm infants (34 -36) .
Relationship between growth and hormone output during the first two years. While a number of studies have described growth in extremely preterm infants and the potential influence of growth factors, observations are limited to the early postnatal period and thus cannot be compared with our findings. We found birth weight and length were associated with cord IGF-I and all growth measurements at birth were associated with IGFBP-3 levels on day 1. Postnatally, leptin output was the key correlate of weight and head circumference, and IGFBP-3 was the key correlate of length. It appears that when weight velocity normalizes, leptin levels stabilize rather than steadily increase, possibly as an adaptive response to sustain nutritional intake and allow for linear growth.
We found IGF-I output was higher over the 200-d-post-EDD than the interval up to EDD and then remained stable thereafter, but IGFBP-3 output increased steadily throughout the study period. The changes in IGF-I and IGFBP-3 output in our preterm infants correspond to circulating hormone levels seen in term AGA and intrauterine growth retarded infants (6, 26) . The levels of hormones in these preterm infants will be influenced on the one hand by nutrition and on the other by the sensitivity within the GH axis. A GH resistant state persisting outside the neonatal period is recognized when gestation is interrupted prematurely (10) .
Thus the different time periods over the 1 st 24 mo in very preterm infants could represent changes in the evolution of mechanisms that control the GH-IGF-I axis. The period between birth and EDD is the phase of GH insensitivity when levels of IGF-I, IGFBP-3 and leptin are low. Over this period, the stronger relationship between leptin and IGFBP-3 than between IGF-I and IGFBP-3 indicates that nutrition is the major initial driver for the generation of IGFBP-3. Over the 6 mo post-EDD, both IGFBP-3 and IGF-I correlate significantly with leptin, indicating that nutrition remains important, and that IGF-I has now become more sensitive to nutritional state. Thereafter between 6 -12 mo post-EDD, the relationship between IG-FBP-3 and IGF-I becomes stronger and could herald a shift to GH sensitivity. The period between 12 to 24 mo when IGF-I and IGFBP-3 output correlate strongly with each other but not with leptin could represent a phase when GH-dependence is now fully established. The importance of maintaining a pool of IGFBP-3 is reflected by the steady increase in output up to 24 mo post-EDD. However IG-FBP-3 is the most significant factor correlating with linear growth, although IGF-I output does correlate in univariate analysis. As IGFBP-3 modulates IGF-I bioavailability and IGF-I output remains steady from EDD onwards, then this period may also be characterized by increasing tissue sensitivity to IGF-I, with rising IGFBP-3 levels acting to increase circulating pool of IGF-I. As there is evidence from animal models and cell lines that IGFBP-3 can inhibit growth independent of IGF-I, then we might expect rising IGFBP-3 levels to inhibit statural growth (37) . However, in preterm infants IGFBP-3 appears to be predominantly associated with promoting growth.
Proteolysis of IGFBP-3 can give apparently high concentrations of IGFBP-3 because the assay identifies intact protein as well as fragments, and may also increase the bioavailability of IGF-I by reducing its affinity for IGFBP-3 (38) . If this were to explain the pattern of change in IGFBP-3 in our preterm infants, increased proteolytic activity would be expected over the first 24 mo. The presence of circulating IGFBP-3 fragments indicative of proteolytic degradation has been identified in serum from healthy and growth retarded term infants at birth and at 2 mo (39) but has not been investigated in older infants or in preterm infants.
The consequences of suboptimal growth in infants born prematurely include abnormal body composition, short adult stature, poor neurodevelopmental outcome and life-long programming for cardiovascular disease in later life. Our study highlights the contribution of IGF-I, IGFBP-3 and leptin to the complex mechanisms which orchestrate growth in extremely preterm infants and the importance of optimizing circulating levels early. A rising IGFBP-3 level is a good marker of appropriate nutrition management and strategies to enhance it should improve catch-up growth in early life and reduce the risk of complications seen in adulthood. 
